INTRODUCTION
For cell elongation, new membranes, proteins, and polysaccharide compounds must be delivered to the plasma membrane-cell wall interface (reviewed in Napier and Venis, 1995) . Comparative electron microscopic studies of elongating cells in the apex of grass coleoptiles have shown that growing cells have increased numbers of dictyosomes and secretory vesicles in the cytoplasm (Quaite et al., 1983) . This suggests that a growth-augmented demand for secretory activity is achieved by enhanced synthesis of vesicular membranes and transport cargo. An increase in secretory activity could therefore be viewed simply as the consequence of mass action driven by a greater number of secretory vesicles.
In recent electrophysiological studies, the secretory activity of maize coleoptile protoplasts has been assayed by monitoring membrane capacitance ( C m ) (Thiel et al., 1994) . This electrical variable is proportional to the surface area of the membrane and allows in vivo monitoring of changes in area related to exocytosis and endocytosis (Neher and Marty, 1982; Homann and Tester, 1998) . The perfusion of protoplasts from maize coleoptiles containing a high concentration of cytoplasmic free Ca 2 ϩ ([Ca 2 ϩ ] cyt ) (1 M) caused a continuous increase in membrane capacitance. In contrast, membrane capacitance did not increase when protoplasts were perfused with low [Ca 2 ϩ ] cyt (Thiel et al., 1994) . This result suggests that high concentrations of [Ca 2 ϩ ] cyt stimulate processes in the secretory pathway of these as well as many other eukaryotic cells (reviewed in Kasai, 1999) , including plant cells (Zorec and Tester, 1992; Homann and Tester, 1997; Carroll et al., 1998) . In experiments with coleoptile protoplasts, C m values started to increase within seconds after the increase in [Ca 2 ϩ ] cyt (Thiel et al., 1994 (Thiel et al., , 2000 . Because the synthesis of secretory vesicles occurs in a time frame of minutes (e.g., Phillips et al., 1988) , however, not seconds, the rapid response of membrane capacitance to [Ca 2 ϩ ] cyt excludes the possibility that the increase in secretory activity depends only on a [Ca 2 ϩ ] cyt -stimulated synthesis of secretory vesicles. Hence, [Ca 2 ϩ ] cyt must influence the secretory pathway downstream of where the secretory vesicles are produced.
In this study, the effect of [Ca 2 ϩ ] cyt stimulation on the secretory pathway was further examined by making use of the rapid increase of [Ca 2 ϩ ] cyt when Ca 2 ϩ is released from the caged Ca 2 ϩ compound 1-(2-nitro-4,5-dimethoxyphenyl)-1,2-diaminoethane-N , N , N Ј N Ј -tetraacetic acid (dimethoxynitrophenamine, or DMN) and simultaneously recording the membrane capacitance. We found that the rapid increase of [Ca 2 ϩ ] cyt resulted in a rapid increase in membrane capacitance followed by a more variable second phase. The latter consisted of either a continuous but slower increase in C m values or a decrease. We conclude that the late stage of the secretory pathway is dominated by two serially arranged pools of vesicles in these cells. Ca 2 ϩ augments both forward steps from an upstream pool into exocytosis.
RESULTS

Increase of [Ca 2 ؉ ] cyt Causes an Increase in Membrane Capacitance
To examine whether changes in surface area were dependent on the concentration of [Ca 2 ϩ ] cyt , we measured [Ca 2 ϩ ] cyt and membrane capacitance simultaneously. C m values were taken to be proportional to the plasma membrane surface area (Neher and Marty, 1982; Thiel et al., 1994; Homann and Tester, 1998) . Figure 1 shows measurements of membrane capacitance in a protoplast from the apex of a maize coleoptile. After achieving the whole-cell configuration, the cell was perfused with standard buffer solution (see Methods) from the patch pipette. The Ca 2 ϩ concentration of this perfusion buffer was ‫ف‬ 4 nM (Xu et al., 1997) . Perfusing the cytoplasm with this low-Ca 2 ϩ solution generally caused a slight decrease in C m values during the first few minutes, after which the C m values stabilized. Frequently, we found that the membrane conductance ( G m ) also decreased slowly over a period of minutes. A representative tracing of G m values is shown in Figure 1 .
After allowing sufficient time for equilibrating the cytoplasm with the pipette solution (see Methods), [Ca 2 ϩ ] cyt was increased continuously from the low, resting value to micromolar concentrations. In the example shown in Figure 2 , membrane conductance remained unaffected during the increase in membrane capacitance. This observation was confirmed by other measurements. Figure 3 shows a plot of [Ca 2 ϩ ] cyt -stimulated increases in C m values versus the corresponding changes in G m values from 13 randomly chosen experiments. The plot confirms that increases in membrane capacitance and hence in surface area were not correlated with a concomitant increase in membrane conductance. This means that the extra membrane incorporated during the increase of cytosolic free Ca 2 ϩ did not insert an appreciable amount of additional active transporters, such as channels or pumps, into the plasma membrane.
To test whether the [Ca 2 ϩ ] cyt -stimulated increase in membrane capacitance (CARC) depended specifically on the increase of [Ca 2 ϩ ] cyt , DMN was loaded with Mg 2ϩ . All Ca 2ϩ in the pipette solution was therefore replaced by Mg 2ϩ . By the same procedure as was used for collecting the data shown in Figure 2 , membrane capacitance was monitored after illuminating the protoplast with UV 380 to liberate Mg 2ϩ from the cage. In this case, F 380 (i.e., the marker for [Ca 2ϩ ] cyt ) remained unaffected, as was expected. Also, membrane capacitance was not affected by illumination (Figure 4 ). This result, which was confirmed in three other experiments, shows that the increase in C m values in illuminated samples is specifically related to the increase of [Ca 2ϩ ] cyt ; it cannot be mimicked by Mg 2ϩ . Furthermore, the finding demonstrates that neither UV 380 light nor the byproduct of photolysis affects membrane capacitance.
Kinetics of CARC
A [Ca 2ϩ ] cyt -stimulated increase in C m values was observed in 11 of 15 protoplasts in which [Ca 2ϩ ] cyt was increased by 0.6 Ϯ 0.25 mol L Ϫ1 sec Ϫ1 . Figure 5A illustrates the scope of normalized CARC in these 11 protoplasts during ramp increases in [Ca 2ϩ ] cyt . The plot shows that at the start of photolysis, C m values rose sigmoidally, showing a steep increase over approximately the first 5 to 7 sec. After this initial phase of rapid increase, changes in C m values in different protoplasts varied greatly. C m values continued to increase, albeit more slowly than initially. In other cases, C m values returned to those at the resting level. This decrease in membrane capacitance means that the membrane added to the plasma membrane during enhanced exocytosis is in some cases reclaimed by endocytosis. The variability of the second phase in CARC under conditions of increased [Ca 2ϩ ] cyt was not a characteristic of different types of protoplasts. Figure 5B shows that the difference in late responses could be observed even within one protoplast treated with repeated increases of [Ca 2ϩ ] cyt .
The speed of [Ca 2ϩ ] cyt -stimulated ⌬C m correlated with the speed of the increase in [Ca 2ϩ ] cyt . Figure 6A shows three examples of CARCs with different velocities during an increase in [Ca 2ϩ ] cyt . The rise in C m values increased with increasing The arrow marks the time of breaking into whole-cell configuration. During the time indicated by the shaded bar, the protoplast was illuminated by UV 380 to release Ca 2ϩ from the caged precursor. Dashed lines indicate zero values for electrical variables. G a , access conductance. pF, picofarad; nS, nanosimens, i.e., gigaohm Ϫ1 . rates of [Ca 2ϩ ] cyt elevation. Figure 6B illustrates the maximal rate for the increase in membrane capacitance during the linear phase of [Ca 2ϩ ] cyt increase. As the plot shows, the stimulating effect of [Ca 2ϩ ] cyt on C m values saturates at a rate Ͼ3 mol L Ϫ1 sec Ϫ1 . Fitting a Michaelis-Menten-type kinetic to the data yielded a maximal membrane capacitance increase rate of 2.9% sec Ϫ1 over the resting capacitance (C m,0 ). The half-maximal rate of CARC was achieved when [Ca 2ϩ ] cyt increased at a rate of 0.49 mol L Ϫ1 sec Ϫ1 .
To quantify 
Amplitudes of CARCs
To estimate the maximal area gain in CARCs, we plotted the amplitudes of individual CARCs versus C m,0 values of the respective protoplasts. For this purpose, only CARCs with a clear saturation were considered (e.g., Figure 
Amplitude of CARC Increases with Time after a Preceding Increase in C m Values
One feature of CARC was that C m values leveled off or even decreased when [Ca 2ϩ ] cyt was still increased ( Figure 5 ). In keeping with results from studies with animal cells (Heinemann et al., 1993 (Heinemann et al., , 1994 , this biphasic increase in C m In similar experiments, we found that the amplitude of the second response increased in relation to that of the first one and as a function of the interval between stimulations. Figure 9B shows a plot of the ratios of amplitudes of the second CARC over the first as a function of the time between Ca 2ϩ stimulations. Assuming that the dependency of a second CARC on the intervening time between stimulations reflects a refilling of a depletable pool, then a minimum of ‫002ف‬ sec after depletion must pass before the pool reaches 50% of its initial content.
Frequently, the [Ca 2ϩ ] cyt -stimulated increase in membrane capacitance was followed by a decrease in membrane capacitance, that is, a phase of net endocytosis ( Figure 5 ).
In this context, we tested the possibility that vesicles reclaimed during this phase of endocytosis could be immediately recycled for exocytosis. Figure 10 shows a representative experiment in which the initial increase in [Ca 2ϩ ] cyt resulted in an increase in membrane capacitance, which was followed by a substantial phase of net endocytosis. Also, in this case, a second increase in [Ca 2ϩ ] cyt (129 sec after the first one) caused only a diminished increase in membrane capacitance. This shows that the membrane reclaimed during endocytosis is not directly available for exocytosis.
A Model for [Ca 2؉ ] cyt -Stimulated Exocytosis
A model describing the properties of [Ca 2ϩ ] cyt -stimulated increases in C m values must account for the following experimental observations: (1) a sigmoidal increase in membrane capacitance during ramp elevation of [Ca 2ϩ ] cyt ; (2) transient insensitivity of membrane capacitance to [Ca 2ϩ ] cyt ; and (3) the possibility of a decrease in membrane capacitance after CARC.
To describe these phenomena, we adopted a model used to explain similar [Ca 2ϩ ] cyt -stimulated increases in membrane capacitance in chromaffin cells (Heinemann et al., 1993) . In this model, two pools of vesicles, designated A and B, are connected in series, leading finally to exocytosis (pool C) ( Figure 11A ). Vesicles travel between pools A, B, and C with the forward rate constants k a and k c and a backward rate constant k b . The occasional decrease in C m values after a preceding increase underlines the fact that endocytosis into another pool, D, with a rate constant k d, must also be considered. The best assumption is that the retrieved vesicles are not immediately fed back into pool B, because this pool could be completely depleted despite ongoing endocytosis. There was no indication that measurable endocytosis speeded the refilling of pool B (Figure 10 ). The often-observed increase in C m values involving an initial fast phase followed by a slower second phase (e.g., Figure 5 ) further indicated that k c must be larger than k a .
The values for the rate constants were calculated on the basis of the equations given by Heinemann et al. (1993) in jointly fitted algorithms (see Methods). During this procedure, several data sets, derived from different protoplasts, were fitted together with one common set of rate constants but with various pool sizes for each protoplast. The rationale for this approach was the assumption that the mechanisms underlying the secretory system are the same in cells from the same tissue, whereas the pool sizes may vary from cell to cell (Quaite et al., 1983) . The pool sizes were estimated from the fitted amplitudes of increases in C m values divided by the mean capacitance of secretory vesicles from this tissue (0.2 fF; Thiel et al., 1998) to obtain the number of vesicles residing in any one pool.
Various mathematical dependencies of the rate constants k x for [Ca 2ϩ ] cyt were tested to obtain successful fits. The best results were achieved with the model shown in Figure 11A . According to this model, the forward steps k a and k c are accelerated by [Ca 2ϩ Figure 11B illustrates an example of experimental data and corresponding fit for one of five jointly fitted data sets. The example fit adequately describes the initial increase in C m values in response to [Ca 2ϩ ] cyt . The rate constants for the best data fits are listed in Table 1. Using this model and the rate constants derived from joint fittings (Table 1) , we simulated CARCs in response to an ideal [Ca 2ϩ ] cyt ramp. The curves illustrated in Figure 12 show the calculated time course of [Ca 2ϩ ] cyt -stimulated increases in C m values (1) for a common set of rate constants and (2) under the condition that pool A harbors different amounts of vesicles at the onset of the [Ca 2ϩ ] cyt increase. This variation in the size of pool A corresponds to the procedure of normalizing membrane capacitance data from different protoplasts to a common increase within the region of steep increase ( Figure 5 ). The shapes of the simulated curves (Figure 12 ) and the experimental data ( Figure 5 ) are very similar.
DISCUSSION
Our previous studies have shown that exocytosis in coleoptile cells is stimulated by micromolar concentrations of cytosolic Ca 2ϩ (Thiel et al., 1994 (Thiel et al., , 2000 . Similar observations have been reported for other plant cells (Zorec and Tester, 1992; Carroll et al., 1998, Homann and Tester, 1998) (Felle, 1988) , it is evident that only moderate elevations of [Ca 2ϩ ] cyt are required to stimulate exocytosis. Variations in [Ca 2ϩ ] cyt of ‫001ف‬ nM or more are indeed known to occur in coleoptile cells in response to the phytohormone indole-3-acetic acid (Felle, 1988) . Accordingly, the sensitivity of the secretory system to [Ca 2ϩ ] cyt could be part of a stimulus-response coupling in these cells. The rapid mobilization of Ca 2ϩ from a caged precursor combined with recordings of membrane capacitance has enabled us to dissect the process of [Ca 2ϩ ] cyt -stimulated secretion into distinct steps. From the sigmoidal change in C m values after an increase in [Ca 2ϩ ] cyt and the kinetic modeling of this phenomenon, we can conclude that [Ca 2ϩ ] cyt stimulates at least two sequential steps in exocytosis: a stimulation of the final fusion step and enhanced refilling of a pool of vesicles ready for release from a pool of vesicles located upstream. Using these data, we are not able to detail the nature of the two discernible pools. However, the absence of a resolvable lag time for CARC elicited by the rapid increase of Ca 2ϩ predicts that pool B must be located close to the plasma membrane when [Ca 2ϩ ] cyt -stimulated exocytosis begins. Only this proximity would allow such a rapid response of membrane capacitance to [Ca 2ϩ ] cyt . Based on the maximal amplitude of CARCs (Figure 8 ), one can assume that this pool contains on average ‫%4.2ف‬ of the protoplast surface area in the form of vesicle membrane. Electron microscopy of grass coleoptiles has shown that these cells contain the equivalent of ‫%51ف‬ of their surface area in the form of secretory vesicles in the cytoplasm (Quaite et al., 1983) . Against this background, we presume that pool B contains a subpopulation of the total number of morphologically detectable vesicles. The nature (and location) of pool A is less clear. It could, for example, reflect the vesicles traveling from the Golgi apparatus to the plasma membrane; it could also be a kinetic state of mature vesicles in the vicinity of the membrane and reflect vesicles that are, before fusion, either tethered or docked to the plasma membrane (e.g., Oheim et al., 1999; Pfeffer, 1999) . In one protoplast, [Ca 2ϩ ] cyt was increased in ramplike fashion (first stimulation, on the left), resulting initially in an increase and subsequently in a decrease in membrane capacitance. After 129 sec, [Ca 2ϩ ] cyt was increased a second time (second stimulation on the right). This second stimulation caused a CARC with an amplitude approximately one-third that of the first one. Both the experimental data and the modeling reflect the existence of endocytotic activity in these protoplasts. This view is consistent with observations of vesicle recycling observed in high-resolution capacitance measurements in protoplasts of the same type (Thiel et al., 1998) . Furthermore, it is in line with quantitative analysis of electron micrographs from coleoptile cells, which showed that as many as 60% of the vesicles delivered to the plasma membrane are recycled (Phillips et al., 1988 ).
An interesting feature of the modeling was that all CARCs recorded in different protoplasts could be fitted with the same rate constants. This emphasizes that the reaction steps underlying the secretory pathway are very similar between cells. The variable shapes of the CARCs in different experiments can be solely ascribed to differences in the number of vesicles occupying pool A or pool B in the protoplasts examined. One explanation for this variability could be that different cells produce vesicles at different rates. Such a difference in vesicle synthesis has been shown in studies with coleoptile cells. Statistical analysis of electron micrographs from oats revealed that growing coleoptile cells averaged ‫%21ف‬ more vesicles per cubic micrometer of cytoplasm than did cells from nongrowing tissue (Quaite et al., 1983) . Hence, the difference between individual cells could reflect the fact that the protoplasts originate from cells with different potentials for growth.
Overall, the general response of membrane capacitance to increases in [Ca 2ϩ ] cyt in coleoptile protoplasts is similar to that observed in neurons and can be described with a similar model, including multiple [Ca 2ϩ ] cyt -sensitive steps (e.g., Heinemann et al., 1993 Heinemann et al., , 1994 . This similarity favors the suggestion that the molecular machinery of exocytosis is similar within eukaryotes; also, it is in line with the finding that plant cells also have many, if not all, of the proteins known to catalyze membrane fusion in animal cells (reviewed in Battey et al., 1999; Blatt et al., 1999) . A great difference in the [Ca 2ϩ ] cyt sensitivity of exocytosis in coleoptile protoplasts versus that in animal cells is that in the latter cells, this process has a much steeper dependency on [Ca 2ϩ ] cyt . For example, whereas [Ca 2ϩ ] cyt stimulates exocytosis in neuroendocrine cells in a third-order exponential manner (Heinemann et al., 1993) , the sensitivity in the coleoptile protoplasts is only linear ( Figure  11 ). In physiologic terms, this means that variations in [Ca 2ϩ ] cyt cause only a shallow increase in secretion in coleoptile cells, whereas the same variation has more dramatic effects on secretion in secretory animal cells.
It is generally believed that plant cells undergo constitutive exocytosis exclusively, which means that the rate of secretion is determined by the rate of cargo, that is, vesicle production (Jones and Robinson, 1989) . This view is consistent with our observation that the global rate of secretion is determined by the number of vesicles produced (that is, the number of vesicles that feed into serial pools). The role of Ca 2ϩ in this scenario could be a modulating one. In this context, the rate of vesicle supply presumably must be coordinated with the rate of exocytosis. Assuming that the number of fusion sites on the plasma membrane is limited, it would be essential to increase the speed of the membrane fusion process to avoid a logjam of vesicles arriving at increased rates. Such a situation would occur during auxin-stimulated growth of coleoptiles when the rates of both vesicle and secretory cargo production as well as the presence of [Ca 2ϩ ] cyt all increase roughly within the same period of time (reviewed in Napier, 1995; Napier and Venis, 1995) .
METHODS
Protoplasts were prepared as described previously (Thiel et al., 1994) and suspended in external solution containing 250 mM KCl, 10 mM Membrane capacitance curves (top) were calculated for linear [Ca 2ϩ ] cyt ramping (bottom) based on the model presented in Figure  11A and the rate constants from Table 1. Curves were calculated for different numbers of vesicles in pools A or B or both. The numbers of vesicles in the pools are given at right. 
Capacitance Measurements
Conventional whole-cell recordings (Hamill et al., 1981) were performed with wax-coated pipettes of 2 to 3 M⍀ resistivity. An EPC-9 patch-lamp amplifier (HEKA Electronics, Lambrecht, Germany) was used with PULSE software (HEKA). Cell capacitance was obtained with the software lock-in extension of the PULSE program based on the Lindau-Neher technique (Gillis, 1995; 1-kHz sinusoid stimulus with 20-mV peak-to-peak amplitude). Cells were held at Ϫ50 mV, a condition in which current-voltage relations were almost linear in the whole-cell configuration (Thiel and Weise, 1999) . Measurements were considered for analysis only in cases in which the access conductance was Ͼ100 nS (i.e., Ͼ M⍀ Ϫ1 ).
Photolysis of Caged Ca 2؉ and Ca 2؉ Measurements
For increasing the concentrations of free Ca 2ϩ in the cytoplasm ([Ca 2ϩ ] cyt ), protoplasts were perfused from the patch pipette with a solution containing 280 mM potassium glutamate, 20 mM KCl, 20 mM Hepes-KOH, pH 7.5, 10.9 mM 1-(2-nitro-4,5-dimethoxyphenyl)-1,2-diaminoethane-N,N,NЈNЈ-tetraacetic acid dimethoxynitrophenamine sodium (DMN), 5 mM CaCl 2 , and 0.4 mM fura-2. Before photorelease, this medium buffered [Ca 2ϩ ] cyt to ‫4ف‬ nM (Xu et al., 1997) . Because the fluorescence excitation wavelength for [Ca 2ϩ ] cyt measurements with fura-2 also covers the UV range that photolyses DMN, we used fluorescence excitation light at 380 nm to measure [Ca 2ϩ ] cyt and photorelease Ca 2ϩ concentrations from the caged precursor simultaneously. An aperture in the UV light path ensured that only the Ca 2ϩ within the protoplast was liberated. Different rates of Ca 2ϩ release were achieved by placing neutral density filters into the pathway of the excitation light. During these single-wavelength measurements, in which the initial fluorescence, F 0 , is approximately equal to the maximal fluorescence, F max , the change in fluorescent signal over time, F t , was used to estimate [Ca 2ϩ ] cyt , according to Xu et al. (1997) , as follows: (1) A k d value of 205 nM was obtained by in vivo calibration of fura-2, according to Neher (1989) . The minimum fluorescence, F min , was measured after constant illumination with UV light at the end of the experiment. F max was obtained from the initial F 380 value recorded at the onset of illumination. A line was fitted through the F 380 data obtained after complete mobilization of Ca 2ϩ and was used to estimate the contribution of photobleaching (Xu et al., 1997 ). The latter value was then considered in the calculation of [Ca 2ϩ ] cyt .
In control experiments, we monitored the time over which the cytoplasm was perfused from the pipette under our conditions. For these experiments, we omitted DMN and CaCl 2 from the pipette solution and measured the increase in fura-2 concentration in the cytoplasm after breaking into the whole-cell configuration. This was
-------------------------------------------------------------=
achieved by recording the fluorescence at the isosbestic wavelength (360 nm) after breaking into the whole-cell configuration. We found that on average, it took 115 Ϯ 31 sec (n ϭ 7) before the fluorescence reached 90% of the maximum. DMN was purchased from Calbiochem (Bad Sod, Germany), and fura-2 was from Molecular Probes (Eugene, OR). All other chemicals were from Sigma-Aldrich.
Modeling
The first-order differential equations derived from the model ( Figure  11A ) and the equations for the rate constants are listed below:
(2) (3) (4) (5) where a o , a a , a b , a c , and a d are constants; E represents the membrane reservoir available downstream of the site of vesicle production; A and B are vesicle pools in the secretory pathway; and C is the amount of membrane inserted into the plasma membrane as a result of exocytosis. The various k x values are the rate constants for vesicle movement between the different pools.
Fits were obtained by the Simplex algorithm, which is a fitting algorithm that uses a geometric construct rather than differentials (Nedler and Mead, 1965; Cacci and Cacheris, 1984) . This method allows very precise calculation and easy implementation of a joint fitting routine. Because refilling experiments (Figure 9 ) showed rate constant k o to be negligible compared with the other four rate constants, Equation 2 was simplified to the following form:
(6) Fits were accepted when the calculated curves matched the measured data trace within the range of the noise level ‫53ف(‬ fF).
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